Intramuscular fat content (IMF) of longissimus muscle of pigs growing from approximately 20 to 100 kg was measured in vivo using biopsies after complete or localized anaesthesia, ultrasound and 1 H nuclear magnetic resonance (NMR) technology. Three lines of pigs, with 60 animals each, were available. Biopsies were taken from the same pigs at 20, 60, and 100 kg, and fat was extracted for gravimetric determination. At 20 kg, ultrasound images were collected, and in vivo 1 H NMR spectroscopy was applied. A-mode ultrasound measurements were collected at 60 and 100 kg. The overall mean value of IMF was 1.60 ± .56% at 20 kg, 1.53 ± .50% at 60 kg, and 1.71 ± .60% at 100 kg. Interactions between lines and body weight were observed. No statistically significant differences were found between methods at 20 kg. No significant correlations were found between the A-mode ultrasound measurements and the mean values of the gravimetric measurements. No visible pain or infections were observed in relation to the collection of a single biopsy. The ultrasound method in combination with image analysis is advantageous from the labor point of view and will also improve welfare of pigs in case of repeated sampling. However, further research is necessary to make the technology sufficiently reliable. A correlation between IMF and backfat thickness was not found.
Introduction
In some countries, consumers demand pig meat with low fat content and high quality (i.e., waterholding capacity, color, and taste) (Kauffman and Warner, 1993) . However, an intramuscular fat ( IMF) content less than 2.5% was related to inferior organoleptic qualities (Wood, 1985; Enser and Wood, 1991) . The heritability of organoleptic properties of pig meat was estimated to be .20 ± .03; however, the heritability of IMF was .53 ± .17 (Cameron, 1990) . Therefore, pig breeders have the ability to select for IMF content. Thus, a cost-effective and accurate method for quantifying IMF in vivo is needed, because repeated measurements are necessary on the same animal intended for breeding (Glodek, 1984) .
Promising methods include the measurement of the movement of ultrasonic waves through a body section by measuring ultrasonic speed (Fursey et al., 1991) , evaluation of spectral characteristics (Whittaker et al., 1991) , and analysis of ultrasound images (Liu et al., 1993; Wilson et al., 1993; Brethour, 1994) . Fat tissue is a good reflector of ultrasound. This technology has a relatively low cost of operation, is easy to use, and is noninvasive. With X-ray tomography, it is possible to explain 85% of the variability within total body fat content (Allen and Vangen, 1984) , but 98% was explained when using nuclear magnetic resonance ( NMR) spectroscopy (Mitchell et al., 1991) .
Hence, it should be useful to combine the ultrasonic and NMR technologies. Therefore, the aim of this study was to compare in vivo ultrasonography with in vivo NMR spectroscopy to quantify IMF content of pigs originating from commercial breeds. Fat extraction from muscle biopsies was the reference method.
Materials and Methods
Before collecting data on live pigs, we conducted an experiment to ensure that an IMF measurement on a biopsy taken at one body site is representative of the whole muscle and the whole body. From six pigs, the 0.9 ± .1 1.3 ± .6 1.4 ± .3 Site 6
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1.3 ± .6 1.1 ± .1 1.3 ± .1 longissimus muscle was removed after slaughter. Every 3 cm, a muscle sample of approximately 10 g (total 7 or 70 g ) was taken and analyzed individually. From another two pigs of approximately 25 kg, the longissimus and biceps femoris muscles were removed from both sides of the carcasses. Anatomical references were recorded during preparation of the muscles so that samples were taken at the same location for further comparison. The pigs were killed by an injection of T61 (Hoechst, Muenchen, Germany) directly into the heart after complete anesthesia. Each longissimus muscle was divided into nine cuts, and each biceps femoris muscle was divided into six cuts. Six samples weighing between .5 and 1.2 g were taken from each cut to determine the effect of sample size (i.e., biopsy vs large samples), muscle site, and type of muscle. The total quantity of tissue analyzed per muscle was approximately 30 g. Fat was extracted from each sample according to the Folch method . After extraction, the fat was dried and weighed (gravimetry, accuracy ± .001 g). Experimental pigs were provided by Seghers Hybrid (Buggenhout, Belgium) and originated from three genetic lines (30 males and 30 females per line). Housing and feeding for all pigs were according to standard farming conditions. Measurements were performed with the same pigs at approximately 20, 60, and 100 kg live weight. A muscle biopsy ( ± 500 mg) was taken with a needle at 20 kg from the longissimus muscle after complete anesthesia (Villé et al., 1992) , at 60 kg from the same muscle with a shot biopsy ( ± 1 g ) after local anesthesia (Schöberlein, 1989) , and at 110 kg after slaughter ( ± 1 g). Fat was extracted from each biopsy according to the Folch method . After extraction, the fat was dried and weighed (gravimetry, accuracy ± .001 g), followed by liquidification in 1 mL of hexane for phospholipid determination by Fourier transform infrared spectroscopy . In vivo evaluation of the same muscle region was performed at approximately 20 kg (ultrasound with image analysis and NMR spectroscopy), 60 kg (ultrasound without image analysis), and 100 kg (ultrasound without image analysis).
At approximately 20 kg, three ultrasonic images were taken from the longissimus muscle behind the last rib with a Toshiba Sonolayer operating at 5 MHz. The images were collected with a PC-integrated Matrox framegrabber (256 gray levels), and the pixel gray value gradient was quantified. Therefore, the ultrasound image was divided in 36 fields by six rows and six columns. Within each field, the mean value with standard deviation of the pixel gray value was calculated.
Another ultrasound instrument (Piglog105, SFK Technology, Soborg, Denmark) was used for measuring IMF at approximately 60 and 100 kg. This was a commercial instrument for collecting ultrasound spectra. The spectral characteristics of the ultrasound echos were correlated with the IMF content after calibration by the manufacturer. The live pigs were measured behind the last rib with a 4-MHz ultrasonic transducer (diameter 10 mm). After each measurement, the data were transferred from the Piglog105 to a portable PC and saved on disk. Data were further analyzed with a dedicated algorithm based on the partial least squares method, followed by transformation through the calibration equation. The determination coefficient of the calibration equation was .36, and the expected measurement error was .5%. The procedure for the 1 H NMR spectroscopy was as follows. Each pig (about 20 kg) was anesthetized with azaperone (i.m. 2 mg/kg) and metomidate ( 4 mg/kg via a catheter in the ear vein). The use of a catheter allowed a regular supply of metomidate to maintain anesthesia (maximal duration of about 1 h). Within this time interval, shimming, imaging, and data collection were carried out. A volume of interest ( 2 × 2 × 1 cm) was localized within the longissimus muscle behind the last rib. Each spectrum was collected during 3 min and 40 s. The outer volume suppressed image related in vivo spectroscopy ( OSIRIS) technique (Connelly et al., 1988) was used in combination with a surface coil (diameter 50 mm, positioned over the longissimus muscle). After finishing the spectrum acquisition, the triglyceride content was calculated using the water peak as a reference (Decanniere, 1994) .
The data were analyzed by frequency analysis for each genetic line and weight class. Mean values and correlation and regression coefficients were analyzed with GLM procedures (SAS, 1985) .
Results
Chemical Analyses. No differences within IMF were found between cuts taken along the longissimus muscle (Table 1) . These mean values were not different from the overall mean based on all animals, being independent of sample size. For two 25-kg pigs, IMF of longissimus and biceps femoris muscles were compared. No differences were found between these two muscles (biceps femoris, 1.67 ± .43%; longissimus dorsi, 1.72 ± .50%). Table 2 shows the IMF content of the three lines of pigs as a function of body weight. Results originate from the same pigs measured at about 20, 60, and 100 kg. Pigs from line A had significantly less IMF at 25 and 60 kg, but at 100 kg no differences were found. However, within each line and each body weight class, large individual variability was observed. Figure 1 shows the histograms for each line. No differences between sexes were found. Especially for line A, IMF increased with body weight. The mean proportion between phospholipids and total fat was .73 ± .43. No line or weight differences were found.
Ultrasound with Image Analysis. Results are available only for a body weight of about 20 kg. Mean values were calculated from the three images per pig. The CV of mean pixel value between images within animals was 48%. The following statistics for the ultrasonic images were related to the IMF content: the mean pixel value, the standard deviation of the mean pixel value and its CV, the autocorrelation of the pixel values, and the regression coefficient of the mean pixel value, all in relation to the measuring depth. Significant relations with IMF were found only with respect to the mean pixel value and with respect to its CV. A significant regression coefficient of the mean pixel value in relation to muscular depth was significant only for 50% of the animals. Hence, the relation of that regression coefficient with IMF was not significant. Table 3 shows the mean pixel gray value for each genetic line, the corresponding IMF, and the characteristics of the regression equation between mean pixel value and IMF. The overall regression was not significant.
Ultrasound with A-mode Spectrum. No significant
correlations were found between the raw spectral data and the gravimetric determination of IMF. Mean values calculated according to the available calibration equation were about 1% greater than the gravimetric results (i.e., IMF% chem + 1). Moreover, fewer distinctions between IMF levels were available (Figure 2 ). These differences may be explained by the fact that the calibration equation provided by the manufacturer was based on data collected from another pig breed.
1 H NMR Spectroscopy. To cope with the problem of unavoidable body movements during measurement , two methods of data acquisition have been compared: three-dimensional localized spectroscopy (tissue volume 2 × 2 × 1 cm) and the onedimensional localized spectroscopy (tissue slice of 1 cm thick), both with the OSIRIS method. In the latter, the effective volume is the cross section of the 1-cm slice with the sensitive volume of the surface coil (i.e., half of a sphere with a radius of 2.5 cm). This disk-shaped volume was localized in the longissimus muscle using NMR imaging. Potential advantages of the one-dimensional acquisition include: 1 ) only two acquisitions are necessary instead of eight with threedimensional (i.e., for eight averages, a duration of 1 min instead of 4 min), and 2 ) as a result of the first advantage, the measurement becomes less sensitive to the movement of the pig. If movements occur, the measurement sequence can be interrupted, and a new one started. In Table 4 , the equivalent results obtained with the chemical and NMR methods for the same pig are compared for 14 pigs. The trend within differences between lines was confirmed. The overall regression equation is as follows: gravimetry = .42 ( ± .12) NMR + 1.02 ( ± .20) ( r 2 = .8077; P < .038).
Relationship with Subcutaneous Fat. The subcutaneous fat layer was measured in the slaughterhouse with the SKG-II method (Geers et al., 1992) . No relationship was found with IMF at slaughter ( Figure  3) . The variance within IMF was the same for each class of values of subcutaneous fat thickness.
Discussion
No differences were found for IMF between the longissimus and biceps femoris muscles at 20 kg and within the longissimus muscle at 100 kg. For these pigs, having a rather low IMF, a standardized measurement (biopsy, ultrasound, and NMR) at one site of the longissimus muscle can be representative for both muscles. However, Davies and Pryor (1977) , Gispert et al. (1990) and Mourot et al. (1991) found site differences within muscles. A possible explanation may be the difference in pig breeds used (i.e., a difference of marbling). A relationship between IMF measured at different body weights was found only between a body weight of 20 and 60 kg. Not finding a relationship with values at 100 kg may be explained from potential interactions from variability within feed intake, which was not monitored. A shot biopsy ( ± 1 g ) followed by chemical extraction of the muscle tissue and gravimetric determination of the fat content produced the most reliable results (Villé et al., 1992) . The longissimus muscle offers good access for this procedure. This is also the case when applying echography with image analysis. However, the coefficient of determination for the calibration equation between IMF and pixel values was rather low, but within the same range as reported by Brethour (1994) and Liu et al. (1993) . Nevertheless, Schwerdtfeger et al. (1993) decided that even a coefficient of determination of 75% is not high enough for a reliable classification method. A possible explanation for the low coefficient of determination may be the very low content of intermuscular fat or marbling. Therefore, further research is necessary to improve these results. The advantage would be that no tissue samples have to be taken out of the pig, although no welfare or health problems were observed when applying a single shot biopsy in combination with local anesthesia. However, with echography, the variability between measurements on the same animal and on Figure 3 . Relationship between intramuscular fat content (IMF) and thickness of subcutaneous fat measured at slaughter (100 kg) for the three genetic lines.
the same site can be high. This is illustrated by the high CV of mean pixel value between images taken from the same pig at the same site. A possible explanation is the unstable position of the pig's body during measurement. To cope with this problem, several images must be taken followed by the calculation of a mean pixel value.
The results from NMR spectroscopy seemed to be less reliable, due to large influences of body movement (e.g., respiration) and the uncertainty to which extent only triglycerides are measured . A possible solution for making the measurement less sensitive to movement is the application of one-shot three-dimensional localized spectroscopy sequences (stimulated echo acquisition mode [Frahm et al., 1987] or point resolved spectroscopy [Bottomley, 1984] ) in a whole-body magnet with whole-body radio frequency transmitting coils instead of surface coils.
An advantage of NMR spectroscopy is the possibility of quantifying fat composition (Barany et al., 1989) . For example, a very low phospholipid content may impair flavor, whereas a very high level of unsaturated fatty acids may shorten storage time (Schwörer et al., 1989) .
Selection for low backfat did not influence IMF content (Lundström et al., 1989) , because a low genetic correlation seems to exist between both variables (Warriss et al., 1990) . Hence, a combined selection for low backfat as a variable for carcass quality and high intramuscular fat content as a variable for meat quality should be possible (Hovenier et al., 1992) . Therefore, a noninvasive method for repeated measurement of IMF should be available from the animal welfare point of view instead of taking multiple biopsy samples from the same living animal. However, the in vivo technology currently available (i.e., dual-energy X-ray absorptiometry and total body electrical conductivity) allows only the measurement of total body fat content (Kauffman and Warner, 1993) . Analysis of video images was also used for cross-sections of the carcass to quantify marbling fat (McDonald and Chen, 1990) . However, accuracies of classification values were found not to be higher than approximately 75% for all of these methods.
Implications
A relationship between intramuscular fat content (IMF) and the thickness of subcutaneous backfat could not be found. This means that selection for greater IMF is not contradictory with selection for low backfat, because a large variability between pigs was observed. This variability is probably genotype dependent because management, housing, and feeding conditions were the same for all experimental pigs. As a result, a high carcass quality (lean meat content) can be combined with high meat quality (sufficient IMF content). The IMF measurement is possible with in vivo technology. The application of ultrasound is especially promising. It is a relatively cheap, easy to use, and animal-friendly technology. Further research should also include the application in the slaughterline. Hence, information can be provided for integral chain quality control and selection strategies on farms.
